Introduction {#S0001}
============

Dynamic regulation of covalent histone modifications at both promoter and enhancer regions plays a crucial role in modulating gene expression and cell fate specification \[[1](#CIT0001)\]. Polycomb group proteins represent major epigenetic regulators that control gene expression and are often found deregulated and involved in cancer initiation, progression and drug resistance \[[2](#CIT0002)\]. Enhancer of zeste homolog 2 (EZH2), one of the core members of the polycomb repressive complex 2 (PCR2), catalyzes trimethylation of lysine residue 27 of histone 3 (H3K27me3), a prototypical polycomb-associated repressive mark \[[3](#CIT0003)\]. EZH2 is frequently overexpressed in both solid tumours and haematological malignancies and associated with disease aggressiveness and a poor clinical outcome \[[4](#CIT0004),[5](#CIT0005)\].

Multiple regulatory loops control EZH2 expression and activity through different transcription factors \[[6](#CIT0006)\], miRNAs \[[7](#CIT0007),[8](#CIT0008)\] and long non-coding RNAs \[[9](#CIT0009)\], in addition to post-translational modifications \[[10](#CIT0010)\]. The latter are also critical for controlling EZH2 canonical (PRC2-dependent) and non-canonical biological functions (PRC2-independent) and contribute to the repression of tumour suppressor genes and activation of oncogenes in both solid tumours and haematological malignancies \[[11](#CIT0011)\].

We and others have reported that EZH2 is overexpressed in CLL and that its expression levels correlate to disease aggressiveness \[[12](#CIT0012),[13](#CIT0013)\]. In detail, EZH2 was demonstrated to be significantly increased in clinically aggressive CLL patients carrying unmutated immunoglobulin heavy variable (IGHV) genes (U-CLL), as compared to IGHV-mutated CLL patients (M-CLL) who generally follow a more indolent disease course \[[14](#CIT0014)\]. Moreover, we have demonstrated a negative correlation between the expression of EZH2 and that of its negative regulators, such as *miR26A1* \[[8](#CIT0008)\] and *miR101* \[[7](#CIT0007)\], in CLL. In contrast, downregulation of EZH2, by either overexpressing *miR26A1* \[[8](#CIT0008)\] or siRNA-mediated downmodulation of EZH2 expression or pharmacological inhibition of EZH2 catalytic activity \[[14](#CIT0014)\] induced increased CLL cell apoptosis, hence implying a pro-survival role of EZH2 in aggressive CLL.

Considering recent pre-clinical evidence that EZH2 inhibition may represent a promising treatment strategy for lymphomas \[[15](#CIT0015)\] including CLL \[[8](#CIT0008),[14](#CIT0014)\], it is of utmost importance to characterize the EZH2 target genes in order to obtain insight into the precise functional role of EZH2 in CLL pathobiology. To this end, we performed ChIP-sequencing, allowing global mapping of epigenetic modifications and transcription factors interacting with DNA, in well-characterized CLL samples belonging to both U-CLL and M-CLL. Overall, we identified numerous *EZH2* target genes and different oncogenic pathways enriched within both prognostic subgroups. Most notably, the PI3K/AKT pathway, known to be activated in CLL \[[16](#CIT0016)\], was identified as a key pathway preferentially targeted by EZH2 in U-CLL patients. We also found that EZH2 directly binds and recruits MYC onto the *IGF1R* promoter and upregulates its expression in U-CLL, leading to PI3K pathway activation in CLL primary cells \[[17](#CIT0017)\]. This finding appears particularly relevant considering the crucial role of immune signalling in CLL pathogenesis and the efficacy of the PI3Kδ inhibitor idelalisib in high-risk CLL \[[18](#CIT0018)\].

Results {#S0002}
=======

Genome-wide mapping of EZH2 and H3K27me3 target genes in CLL {#S0002-S2001}
------------------------------------------------------------

We performed ChIP-seq with EZH2 and H3K27me3 antibodies in 6 U-CLL and 6 M-CLL cases. Classification of EZH2 and H3K27me3 target genes into different gene categories showed that the majority were related to protein-coding genes in both U-CLL and M-CLL samples ([Figure 1(a](#F0001))). After mapping the EZH2 target peaks across the genome, we observed that the majority (63--67%) were located on gene promoters; a similar distribution of EZH2 occupancy was observed in both U-CLL and M-CLL (Supplemental Figure 1A). In order to identify EZH2 target genes, we focused on genes (2,676 protein-coding genes) containing overlapping peaks of both EZH2 and H3K27me3 peaks (with a minimum of one base pair overlap) that were significantly enriched in either M-CLL or U-CLL or both groups. These genes are referred as EZH2-OP genes (genes with EZH2 overlapping peaks) (Supplementary Figure 1B). The remaining 10,239 EZH2-target genes that did not show any overlap with H3K27me3 peaks were termed EZH2-NOP (EZH2 non-overlapping genes). Additional Venn diagrams for EZH2 in M-CLL and U-CLL are shown in Supplemental Figure 1B; full gene lists are provided in Supplemental Table 3. When the EZH2 enrichment levels were compared between M-CLL and U-CLL samples for EZH2-OP genes, 45.5% (n = 1,218) of genes were found to be overlapping between M-CLL and U-CLL, whereas 44.5% (n = 1,190) of genes were specifically enriched in U-CLL and only 10% (n = 268) of genes were enriched in M-CLL ([Figure 1(b](#F0001))). In constrast, when all EZH2 genes were considered, around 90% overlap was observed between M-CLL and U-CLL samples (Supplementary Figure 1B).10.1080/15592294.2019.1633867-F0001Figure 1.Genome-wide distribution and peak enrichment of EZH2 and H3K27me3 target genes in CLL. (a) Bar plots showing the total number of EZH2 and H3K27me3 target genes in both M-CLL and U-CLL samples. (b) Venn diagram showing the overlap of protein-coding genes between M-CLL and U-CLL samples for EZH2-OP genes. The brown colour represents, the number of genes that are common between U-CLL and M-CLL, whereas the green and blue colour bars indicate the number of genes specific for U-CLL and M-CLL, respectively. The percentage of overlap is mentioned below the figure. (c) Heatmaps showing the ChIP-seq read densities of M-CLL (dark blue) and U-CLL (dark green) for EZH2 peaks and M-CLL (light blue) and U-CLL (light green) for H3K27me3 peaks across the TSS (±5 kb) for EZH2_OP target genes. White colour represents the degree of ChIP-seq signal enrichment on TSS. The colour code for peak enrichment scores is mentioned below the figure. On the top, the enrichment plots represent ChIP seq read density at TSS (±5 kb) for M-CLL and U-CLL sample peaks. Narrow peaks indicate stronger binding at TSS region and broader peaks indicate the distance of peak signal spread upstream and downstream to the TSS. The difference in median enrichment of the genes is determined using the Wilcoxon signed rank sum test. (d) Average ChIP-seq signal enrichment at TSS (±5 kb) for EZH2-NOP target genes between M-CLL and U-CLL samples. e) The enrichment plots showing ChIP seq read density at TSS (±5 kb) between M-CLL and U-CLL samples for EZH2_NOP and EZH2_OP PI3K pathway genes. f) Box plots showing enrichment levels between M-CLL and U-CLL samples for EZH2 and H3K27me3 peaks. p value analysed using Wilcoxon signed rank sum test for determining the median enrichment difference of the genes.

Next, using published CLL RNA-seq data \[[19](#CIT0019)\] we evaluated the expression levels for the 2676 EZH2-OP genes. Interestingly, despite having H3K27me3 peaks, 30% of genes (613 genes) displayed significant differential RNA expression (p \< 0.05) between M-CLL and U-CLL samples with most of the genes upregulated in U-CLL compared to M-CLL samples (Supplementary Figure 1C), indicating that EZH2 may act as transcriptional activator, by interacting with other factors to overcome the effects of H3K27me3 for these genes in U-CLL.

[Figure 1(c](#F0001),[d](#F0001)) shows the peak enrichment levels at TSS (±5 kb) for EZH2-OP and EZH2-NOP genes for both M-CLL and U-CLL. Overall, we observed a comparable distribution and classification of EZH2 target peaks in both M-CLL and U-CLL. Narrow and sharp EZH2 peaks around the TSS indicate high levels of EZH2 binding, whereas wide H3K27me3 peaks around the TSS indicate that the signal is spread across the TSS ([Figure 1(c](#F0001))). Nevertheless, higher median enrichment levels were seen for EZH2-OP genes in U-CLL vs M-CLL ([Figure 1(c](#F0001))).

EZH2 targets signalling pathways critical for CLL biology {#S0002-S2002}
---------------------------------------------------------

In order to gain insight into the affected biological functions and processes, we performed enrichment analysis using the EZH2-OP genes (n = 2,676). KEGG pathway analysis identified numerous oncogenic pathways significantly enriched in one or both prognostic subgroups (Supplemental Figure 2A). Most pathways identified with enrichment of EZH2 target genes, such as the Wnt, TGF-beta, PI3K and Notch signalling pathways have previously been associated with CLL \[[20](#CIT0020),[21](#CIT0021)\]. While the majority of pathways were highly enriched in both U-CLL and M-CLL, the PI3K pathway was identified as differentially enriched in U-CLL vs M-CLL regarding EZH2 binding (Supplemental Figure 2A). To further confirm the differential enriched pathways between M-CLL and U-CLL samples, we selected only U-CLL specific genes (1,190) and M-CLL specific genes (268) and again identified the PI3K pathway among the top differentially enriched pathways (Supplementary Figure 2B). Next, we analysed the peak enrichment between M-CLL and U-CLL for EZH2-OP (86 genes) and EZH2-NOP (203 genes) PI3K pathway genes. As expected, we observed a higher enrichment of EZH2 peaks in U-CLL versus M-CLL for EZH2-OP PI3K genes, while no significant difference was observed for EZH2-NOP PI3K genes ([Figure 1(e](#F0001),[f](#F0001))). A detailed list of all PI3K genes with peak scores is given in Supplemental Table 4, and the total number of both EZH2 PI3K pathway target genes that are overlapping and specific between M-CLL and U-CLL is shown in Supplemental Figure 2C.

EZH2 differentially regulates the PI3K pathway in CLL {#S0002-S2003}
-----------------------------------------------------

Next, we selected the top five PI3K pathway genes that exhibited both differential EZH2 binding from the ChIP-sequencing data and differential expression levels between M-CLL versus U-CLL cases using published RNA-sequencing data \[[19](#CIT0019)\] ([Figure 2(a](#F0002),[b](#F0002))). Of these, the *ITGA2B, ANGPT2* and *IGF1R* genes showed strong EZH2 binding in U-CLL cases, whereas the *PRKCA* and *MET* demonstrated strong EZH2 binding in M-CLL cases. In M-CLL, the *MET* and *PRKCA* genes displayed higher occupancy of EZH2 and decreased expression levels compared to U-CLL (Log2FC: −1.71 and −1.95; and p value: 0.019 and 0.0001, respectively). In U-CLL, the *ITGAB2* gene showed increased occupancy of EZH2 resulting in lower expression compared to M-CLL (Log2FC: −0.93; p value: 0.014). Interestingly, *IGF1R* and *ANGPT2*, more enriched with EZH2 in U-CLL, demonstrated increased expression in U-CLL vs. M-CLL (Log2FC: 1.41 and 1.16; p value: 0.0001 and 0.011, respectively), indicating that EZH2 might also function non-canonically in activating these genes in clinically aggressive CLL.10.1080/15592294.2019.1633867-F0002Figure 2.Validating the EZH2 binding and expression levels on selected PI3K target genes. (a) Heatmap showing the W-score enrichment levels for the differential EZH2 binding PI3K genes revealed from ChIP-seq data. The scale for W-score enrichment level is mentioned above the heatmap. (b) Bar graph showing the top PI3K pathway genes with significant differential expression, log2FC values (calculated as log2 \[mean (M-CLL)/mean (U-CLL)) from published RNA-seq data. Red bars indicate upregulated genes and green bars indicate down-regulated genes. Left side plot shows U-CLL specific target genes and right side plot shows M-CLL specific EZH2 target genes. (c and d) ChIP assay data showing the average fold enrichment of EZH2 (c) and H3K27me3 (d) for 5 U-CLL specific binding target genes and 2 M-CLL specific binding target genes using a total of 16 CLL samples belonging to M-CLL (n = 9) and U-CLL (n = 7). \*indicates P value \<0.05 and \*\* indicates P value\<0.005. (e) Histogram plot showing relative band intensities for pAKT/AKT levels from the below Western blot analysis for 8 M-CLL and 8 U-CLL samples.

In order to validate our findings, we investigated EZH2 occupancy in PI3K genes in an independent set of 16 CLL samples. In line with our ChIP-seq data, all U-CLL EZH2 target genes (*ITAG2B, IGF1R* and *ANGPT2*) displayed stronger EZH2 binding in U-CLL, whereas M-CLL EZH2 target genes (*PRKCA* and *MET*) showed higher enrichment in M-CLL ([Figure 2(c](#F0002))). Amongst these genes, *IGF1R* and *MET* demonstrated significant differences between U-CLL vs M-CLL samples ([Figure 2(c](#F0002))). However, no difference was observed for H3K27me3 occupancy between U-CLL and M-CLL cases for these genes ([Figure 2(d](#F0002))). To explore the possibility of differential activation of the PI3K pathway, we performed Western blot analysis showing a significantly higher activation (p = 0.01) of active AKT \[calculated as the ratio between phosphorylated AKT (pAKT) and total AKT levels\] in U-CLL (eight cases) versus M-CLL (eight cases; [Figure 2(e](#F0002))), supporting the differential binding of PI3K genes based on our ChIP-seq data.

PI3K activation in CLL cell lines {#S0002-S2004}
---------------------------------

To further validate the specificity and effect of EZH2 on PI3K pathway target genes, we performed ChIP assays in two CLL cell lines, HG3 \[[22](#CIT0022)\] and MEC1 \[[23](#CIT0023)\], using EZH2 and H3K27me3 antibodies. As shown in [Figure 3(a](#F0003)), HG3 demonstrated enrichment of EZH2 compared to MEC1, whereas H3K27me3 occupancy was only observed in MEC1. Accordingly, when we analyzed pAKT and AKT protein levels in both cell lines, the PI3K pathway was more active in HG3 compared to MEC1 cells ([Figure 3(b](#F0003))). Next, in order to check the specificity of EZH2 binding, we performed siRNA-mediated EZH2 downregulation in the HG3 cell line, and checked for EZH2 occupancy and changes in expression levels for the selected genes. Except *PRKCA*, all genes showed reduced EZH2 occupancy compared to controls, supporting EZH2 binding specificity on these target genes ([Figure 3(c](#F0003))). Decreased expression levels after EZH2 silencing were found for *ITGA2B* and *IGF1R* while *MET* displayed increased expression (*ANGPT2* and *PRKCA* were not expressed in this cell line) ([Figure 3(d](#F0003))).10.1080/15592294.2019.1633867-F0003Figure 3.EZH2 occupancy and activation of the PI3K pathway in CLL cell lines. (a) ChIP assay data showing the average fold enrichment of EZH2 and H3K27me3 for the selected PI3K pathway target genes in the HG3 and MEC1 cell lines. (b) Western blot analysis showing protein levels for different antibodies in the HG3 and MEC1 cell lines. (c) Log10Fold change expression levels for the selected PI3K pathway target genes in EZH2 siRNA downregulated HG3 cells over control siRNA samples. (d) Western blot analysis showing protein levels for different antibodies in HG3 control siRNA and EZH2 siRNA transfected cells. (f and g) Western blot analysis showing protein levels for different antibodies using DZNep inhibitor drug and HMT inhibitor drug treatment (GSK353 and UNC1999) of HG3 cells. (h and i) The levels of active AKT analysed using the Akt Kinase activity assay kit for different EZH2 siRNA transfected and drug-treated HG3 cells.

Upon siRNA-mediated down-regulation of EZH2, pAKT levels decreased in the HG3 cell line compared to control siRNA samples ([Figure 3(e](#F0003))). At the same time, H3K27me3 decreased correlating with a decrease in EZH2 levels ([Figure 3(e](#F0003))). We also treated the HG3 cell line with an EZH2 inhibitor drug, DZNep, to reduce global EZH2 levels. Similarly, increasing concentration of DZNep resulted in a gradual reduction in pAKT levels correlating with the reduction of EZH2 and H3K27me3 levels ([Figure 3(f](#F0003))). To further support that EZH2 regulates the PI3K pathway in an H3K27me3-independent manner, we treated the HG3 cell line with two different EZH2 histone methyltransferase inhibitor drugs (UNC1999, which inhibits HMT activity of both EZH1 and EZH2, and GSK343, which inhibits specifically EZH2 HMT activity). No effect on pAKT levels was seen in HG3 cells with either drug treatment compared to controls, while, as expected, idelalisib treatment (used as positive control) showed a reduction in pAKT levels compared to control sample ([Figure 3(g](#F0003))).

Finally, using a more quantitative technique (Akt Kinase Activity Assay Kit), we analysed the levels of active AKT in EZH2 siRNA transfected cells and drug-treated cells along with control samples. There was a significant reduction in active AKT levels in EZH2 siRNA HG3 cells and idelalisib treated HG3 cells compared to control, but no effect was observed upon HMT inhibitor treatment ([Figure 3(h](#F0003),i)), supporting the above results obtained from Western blotting.

EZH2 directly controls IGF1R expression to activate the PI3K pathway in CLL {#S0002-S2005}
---------------------------------------------------------------------------

Published evidence suggests that IGF1R expression correlates with poor survival in CLL and is involved in the activation of the PI3K pathway in CLL primary cells \[[17](#CIT0017)\]. According to our ChIP-seq data, *IGF1R* demonstrated significant enrichment of EZH2 binding on the promoter region in U-CLL samples compared to M-CLL samples; however, the difference between H3K27me3 enrichment was not significant between M-CLL and U-CLL ([Figure 4(a](#F0004),[b](#F0004))). This data was further corroborated by EZH2 and H3K27me3 ChIP assays using another 16 CLL samples ([Figure 4(c](#F0004))). We also analysed expression levels of *EZH2* and *IGF1R* in an independent cohort of CLL cases (n = 96). Indeed, U-CLL samples exhibited higher occupancy of EZH2 along with higher expression levels of *EZH2* and *IGF1R* mRNA ([Figure 4(d](#F0004),[e](#F0004))), indicating a non-canonical function of EZH2 in upregulating IGF1R. Moreover, both *EZH2* and *IGF1R* expression showed a positive correlation in all CLL samples (r = 0.58; p \< 0.0001) and in U-CLL samples only (r = 0.64; p \< 0.0001) (Supplemental Figure 2D).10.1080/15592294.2019.1633867-F0004Figure 4.EZH2 regulates the PI3K pathway through IGF1R in the HG3 CLL cell line. (a) Snap shot of 100 kb region showing peak enrichment for EZH2 and HK27me3 on the EZH2 binding region on the *IGF1R* gene for M-CLL and U-CLL samples. (b) Box plots for EZH2 and H3K27me3 enrichment over the *IGF1R* gene between M-CLL and U-CLL samples based on ChIP-seq data. (c) ChIP assay data showing fold enrichment of EZH2 (right side) and H3K27me3 (left side) over IgG Ab on *IGF1R* promoter using 16 independent CLL samples. (d and e) Box plot showing expression levels of *EZH2* and *IGF1R* between M-CLL and U-CLL samples. (f and g) ChIP assay data showing fold enrichment of EZH2 and different histone modifications over *IGF1R* gene promoter in EZH2 downregulated HG3 cells. (h) Fold change expression levels of EZH2 and IGF1R expression levels in EZH2 siRNA downregulated HG3 cells.

Next, to investigate the non-canonical function of EZH2 in IGF1R upregulation, we performed ChIP assay on the *IGF1R* gene promoter in both EZH2 siRNA and control siRNA transfected HG3 CLL cells. As shown in [Figure 4(f](#F0004),[g](#F0004)), we observed a loss of EZH2 binding on the *IGF1R* promoter upon siRNA downregulation of EZH2. While no change in H3K27me3 levels was observed, a significant decrease of two activation marks, H3K4me3 and H3K27Ac, on the *IGF1R* promoter was seen in EZH2 siRNA-treated cells vs control cells, indicating histone methyltransferase activity-independent upregulation of IGF1R by EZH2. In addition, and supporting this data, we observed decreased IGF1R expression in EZH2 siRNA-treated HG3 cells compared to control cells ([Figure 4(h](#F0004))). Similar to the HG3 cell line, we also observed a reduction of *IGF1R* expression in the *EZH2* siRNA downregulated mantle cell lymphoma (MCL) cell lines Mino and Jeko (Supplementary Figure 3A).

*EZH2 recruits MYC to the* IGF1R *promoter* {#S0002-S2006}
-------------------------------------------

When we searched for transcription factor occupancy at the *IGF1R* promoter in the UCSC genome browser in different cell lines from the ENCODE/Broad institute datasets, we found a broad overlap of MYC transcription factor and EZH2 binding sites (Supplemental Figure 3B). To investigate the role of MYC occupancy on the *IGF1R* promoter, we performed siRNA-mediated transfections by downregulating EZH2 and/or MYC in the HG3 cell line. As expected, both mRNA and protein expression levels of IGF1R showed a significant reduction in EZH2, c-MYC and double-transfected samples compared to control siRNA ([Figure 5(a](#F0005),[b](#F0005))). Interestingly, ChIP assays performed on the IGF1R promoter using EZH2 and MYC antibodies showed a reduction in MYC occupancy for both EZH2 siRNA and MYC siRNA samples. However, binding of EZH2 was only reduced in EZH2 siRNA HG3 cells but not in MYC siRNA HG3 cells ([Figure 5(c](#F0005),[d](#F0005))). These results indicate that MYC is recruited through EZH2 to the IGF1R promoter and is important for regulation of IGF1R expression, as loss of EZH2 results in loss of MYC binding, whereas loss of MYC does not affect EZH2 binding. Along with siRNA-mediated downregulation, we also treated HG3 cells with the EZH2 inhibitor (DZNep) and MYC inhibitor (JQ-1) with increasing concentrations. As expected, we found a gradual decrease in IGF1R levels with increasing concentrations of the drugs supporting the transfection assays ([Figure 5(e](#F0005),[f](#F0005))). Interestingly, treatment of HG3 cells with JQ-1 also showed a reduction in global levels of EZH2 along with MYC levels ([Figure 4(h](#F0004))). This could be due to the indirect effect of MYC reduction, which increases the levels of negative regulators of EZH2 such as miR26A1 \[[24](#CIT0024),[25](#CIT0025)\].10.1080/15592294.2019.1633867-F0005Figure 5.EZH2 and c-MYC mediated IGF1R regulation. (a) Fold change of mRNA expression levels regarding EZH2, c-MYC and IGF1R in EZH2, c-MYC and double-transfected siRNA downregulated HG3 cells. (b) Western blot analysis showing protein levels for different antibodies in EZH2, c-MYC and double-transfected siRNA downregulated HG3 cells. (c and d) ChIP assay data showing fold enrichment of EZH2 and c-MYC antibody over IgG Ab on *IGF1R* promoter in EZH2 and c-MYC siRNA downregulated HG3 cells. (e and f) Fold change expression of EZH2, c-MYC and IGF1R in DZNep and JQ-1 treated HG3 cells. (g) Expression levels of EZH2 and IGF1R for IGF1R transfected HG3 samples. (h) Western blot analysis showing protein levels for different antibodies in IGF1R siRNA downregulated HG3 cells.

Finally, since IGF1R is upstream to the PI3K pathway, we investigated the role of IGF1R in upregulating the PI3K pathway in HG3 cells. Similar to EZH2, siRNA-mediated down-regulation of *IGF1R* also resulted in decreased levels of pAKT with an effect on the total AKT levels ([Figure 5(g](#F0005),h)), indicating that IGF1R is involved in direct upregulation of the PI3K pathway in HG3 cells. Down-regulation of *IGF1R* resulted in a decrease of both mRNA and protein expression levels of IGF1R, but not EZH2 levels, indicating that EZH2 acts upstream to IGF1R ([Figure 5(g](#F0005),h)).

Discussion {#S0003}
==========

EZH2 is frequently overexpressed in different cancer types and was recently reported to be associated with a particularly aggressive clinical course in CLL \[[12](#CIT0012),[14](#CIT0014)\]. Here, using ChIP-sequencing, we investigated for the first time downstream targets and pathways potentially mediating EZH2-driven effects in CLL. Overall, we observed that EZH2 predominantly targets protein-coding genes on promoter regions, supporting a prominent role of EZH2 in regulating gene expression and modulating cellular pathways implicated in CLL progression, including the PI3K, Wnt, Notch and Hedgehog anti-apoptotic signalling pathways \[[20](#CIT0020)\].

The well-studied mechanism by which EZH2 exerts its oncogenic function is to promote gene repression through its histone methyltransferase activity \[[26](#CIT0026)\]. Accordingly, a number of tumour suppressor genes such as INK4A/ARF \[[27](#CIT0027)\], E-cadherin \[[28](#CIT0028)\] and p57Kip2 \[[29](#CIT0029)\] are directly targeted by EZH2 and suppressed in a PRC2-dependent way. On the other hand, EZH2 may also function as an oncogenic factor acting in a non-canonical or PRC2-independent manner. For instance, EZH2 has been reported to directly interact and activate the androgen receptor in prostate cancer \[[11](#CIT0011)\], and modulate the NF-κB pathway by forming a complex with RELA and RELB in breast cancer \[[30](#CIT0030)\]. EZH2 has also been shown to directly interact with the estrogen receptor and β-catenin, inducing gene transactivation of estrogen and the Wnt signalling pathway \[[31](#CIT0031)\]. Prompted by our finding of increased EZH2 occupancy in PI3K pathway genes in U-CLL, we decided to explore the potential functional role of EZH2 in PI3K/AKT activation. First, to validate our ChIP-seq data, we confirmed EZH2 occupancy for selected PI3K pathway genes in an independent CLL patient material. Next, using siRNA-mediated EZH2 downregulation in the HG3 cell line, we observed reduced EZH2 binding and confirmed specificity for these genes. Notably, *IGF1R*, previously reported to be overexpressed in U-CLL versus M-CLL \[[32](#CIT0032)\], was one of the genes that displayed significant downregulation of gene expression upon EZH2 silencing. Hence, we further investigated the *IGF1R* gene, which was highly enriched with EZH2 at the promoter region in U-CLL. *IGF1R* also showed higher expression in U-CLL compared to M-CLL and a significant, positive correlation with *EZH2* expression, implying a non-canonical activation by EZH2 with resultant activation of the PI3K/AKT pathway, in keeping with the literature \[[17](#CIT0017)\]. Moreover, EZH2 inhibitor treatment of HG3 cells resulted in reduced pAKT levels (where the global EZH2 levels decreased along with H3K27me3), while remaining unaffected by EZH2 HMT inhibitor treatment (where H3K27me3 levels were lowered but not EZH2 levels), further supporting a non-canonical function of EZH2.

The MYC transcription factor is overexpressed in many cancer types and promotes oncogenesis by targeting genes involved in cell proliferation and apoptosis \[[33](#CIT0033)--[35](#CIT0035)\]. MYC is also known to cause overexpression of EZH2 in several solid tumours \[[36](#CIT0036),[37](#CIT0037)\]. Both EZH2 and MYC have been shown to down-regulate the expression of tumour suppressor genes by directly binding onto the promoter and mediating H3K27me3 silencing \[[38](#CIT0038)\]. Interestingly, we found overlapping EZH2 and MYC binding sites on the *IGF1R* promoter, indicating that MYC also binds and regulates IGF1R along with EZH2. siRNA transfections and drug treatment assays of EZH2 and MYC confirmed the importance of both EZH2 and MYC binding for upregulating IGF1R expression in HG3 cells. Reduction of IGF1R expression has been shown to reduce pAKT without affecting the total AKT levels in MCL cell lines \[[39](#CIT0039)\]. Consistent with the HG3 cell line, both the Mino and Jeko MCL cell lines showed reduced IGF1R expression in EZH2 siRNA down-regulation, indicating that this effect is not specific for the HG3 cell line. Additionally, using ChIP assays with EZH2 and MYC antibodies we could show that EZH2 recruits MYC onto the *IGF1R* promoter. The *IGF1R* gene promoter was highly enriched with H3K27me3 marks in M-CLL, resulting in low expression levels and limited activation of the PI3K/AKT pathway. In contrast, in U-CLL, EZH2 directly binds and recruits MYC on the *IGF1R* promoter and upregulates its expression, resulting in downstream activation of the PI3K/AKT pathway ([Figure 6](#F0006)). This is particularly relevant considering the clinical efficacy of the PI3K inhibitors in high-risk CLL \[[40](#CIT0040)\]. Pharmacological inhibition of EZH2 using DZNep decreased the expression levels of EZH2, along with concomitant loss of H3K27 trimethylation, as shown here and by others, resulting in re-expression of epigenetically silenced targets associated with, e.g., apoptosis of cancer cells \[[41](#CIT0041),[42](#CIT0042)\]. Hence, the combination of a drug targeting specifically PI3Kδ such as idelalisb, with an EZH2 inhibitor, could be an attractive future approach that would inhibit both HMT-dependent canonical and non-canonical functions.10.1080/15592294.2019.1633867-F0006Figure 6.Model proposing EZH2-mediated regulation of the PI3K pathway through IGFR1 in CLL. Left and right panels represent activation of PI3K pathway in M-CLL (indicated by blue colour) and U-CLL (indicated by green colour). Below is the IGF1R promoter region (brown-coloured circles indicate histones and black colour line indicates DNA wrapped around histones) histone tail modifications in different colours. IGF1R, IGF1R receptor, EZH2 and c-MYC proteins are indicated with different colours below the figure.

In conclusion, we fine-mapped the global target genes of EZH2 in CLL and highlighted its implication in the transcriptional regulation of oncogenic pathways crucial for CLL pathogenesis. More importantly, we revealed a novel mechanism through which EZH2 upregulates IGF1R by recruiting MYC in a non-canonical manner, resulting in downstream activation of the PI3K/AKT prosurvival pathway in clinically aggressive cases, with implications for mechanism and pathway-driven management of CLL.

Materials and methods {#S0004}
=====================

CLL patient samples {#S0004-S2001}
-------------------

Peripheral blood samples of a total of 113 CLL patients were evaluated. Of these, 12 cases (six U-CLL and six M-CLL) were subjected to ChIP-seq analysis and the remaining samples were included in experiments performed for validating the ChIP-sequencing data (16 cases) and expression levels using real-time PCR analysis (82 cases). Molecular and clinical data for these patients are listed in Supplemental Table 1. CLL patients were diagnosed according to the iwCLL criteria \[[43](#CIT0043)\] and all patients were either untreated or off-therapy for at least 6 months prior to sampling. All patients provided informed consent in accordance with the Helsinki Declaration and the study was approved by the local ethics review boards.

Cell lines and cell culturing {#S0004-S2002}
-----------------------------

CLL cell lines (HG3 \[[22](#CIT0022)\] and MEC1 \[[23](#CIT0023)\]) and MCL cell lines (Jeko and Mino) were cultured using RPMI 1640 with glutamine supplemented with 10% fetal bovine serum and 1X penicillin/streptomycin (FBS; Invitrogen, Carlsbad, USA) as described earlier \[[44](#CIT0044)\].

DNA and RNA extraction, real-time PCR analysis {#S0004-S2003}
----------------------------------------------

DNA and RNA were extracted from CLL PBMC samples using a standard kit according to the manufacturer's protocol (Qiagen, Hilden, Germany). cDNA synthesis was performed using the Superscript III FS synthesis supermix kit (Life technologies, Carlsbad, USA) according to the manufacturer's protocol. Real-time PCR was performed using the Power SYBR Green PCR master mix and the 7900HT fast real-time PCR instrument (Applied Biosystems, Warrington, UK). qRT-PCR primers were designed with PRIMER3 (Broad Institute). The *GAPDH* gene was used as an internal loading control gene. The relative expression levels were calculated using the ΔΔCt method. All primers sequences are listed in Supplemental Table 2.

Chip-sequencing {#S0004-S2004}
---------------

ChIP was performed with the Ideal ChIP seq kit (Diagenode, C01010051) according to the manufacturer's protocol using an EZH2 polyclonal antibody (Diagenode, C15410039) and an H3K27me3 polyclonal antibody (Diagenode, C15410069). ChIP DNA was quantified using Qubit 2 Fluorometer (ThermoFischer Scientific, Q32866) and around 10 ng of ChIP DNA was used to prepare sequencing libraries using the ThruPLEX-FD Prep Kit (Rubicon Genomics, Ann Arbor, USA) according to the manufacturer's specifications. The final DNA libraries were sequenced (PE50) using an Illumina HiSeq 2500 instrument with approximately 40 to 50 million reads per sample.

Reads were filtered based on quality with TrimGalore (0.4.0) (<https://github.com/FelixKrueger/TrimGalore>). Alignment to hg19 was performed with Bowtie2 (2.2.6) \[[45](#CIT0045)\] with default parameters. Quality measures such as cross-correlation, cumulative enrichment and clustering were performed using phantompeakqualtools (1.1) (<http://code.google.com/p/phantompeakqual-tools/>) and deepTools (2.0.1) \[[46](#CIT0046)\]. Removal of duplicates and reads mapping to blacklisted regions were undertaken using Picard (2.2.4) (<http://broadinstitute.github.io/picard/>) and NGSUtils (0.5.9-b4caac3) \[[47](#CIT0047)\]. Peak calling was carried out with MACS2 (2.1.0.20140616) (<https://pypi.python.org/pypi/MACS2>) with a minimum FDR (q-value) cut-off for peak detection of 0.05. Peaks were normalized with their corresponding input using deepTools2. The weighted score (W-score) was calculated by dividing the average peak score (AveS) by range of the peak (R) for gene G and multiplying by the number of peaks associated with the gene G (N); (AveS/R\*N)\*100. EZH2 and H3K27me3 peaks were annotated in different genomic regions using W-score with cutoff 0.1 and 0.01. BedTools \[[48](#CIT0048)\] intersect command was applied to define the overlapping peaks between EZH2 and H3K27me3 (EZH2+ H3K27me3) with peak region of minimum one basepair overlap. BedTools subtract was used to find the unique peak regions of EZH2 and H3K27me3. The average bigWig file from input normalized bigWig for each CLL subgroups was generated using merge_bigWig script (<http://wresch.github.io/2014/01/31/merge-bigwig-files.html>). The average profile and density heatmaps obtained for window sizes ± 5KB of transcriptional start sites (TSS) in M-CLL and U-CLL were plotted using deepTools2. The pathways enriched in EZH2 and H3K27me3 overlapping regions of each CLL subgroups were identified using ChIP-Enrich \[[49](#CIT0049)\]. All the raw data has been deposited in GEO, with the accession number GSE115772, and will be available to download after release to the public. The raw data from published RNA-sequencing CLL samples \[[19](#CIT0019)\] was obtained and analysed as described earlier \[[50](#CIT0050)\]. Wilcoxon rank sum test in R-package was conducted to determine the differential expression of selected genes between M-CLL and U-CLL samples and also to determine the median enrichment difference between M-CLL and U-CLL samples. Pearson correlation method was used to determine the correlation between EZH2 and IGF1R mRNA expression in U-CLL and all CLL samples.

Nucleofection, chip assays and western blot analysis {#S0004-S2005}
----------------------------------------------------

Transient transfection was carried out on an Amaxa 4D-Nucleofector™ System (Lonza group AG, Basel, Switzerland) using the SF cell line Amaxa kit (V4XC-2032) according to the manufacturer's instruction. 50 nM of Predesigned Stealth RNAi siRNAs (three each) were utilized against *EZH2, MYC* and *IGF1R* (HSS103462; HSS176652, and HSS176653 for *EZH2*; HSS105253, HSS105254 and HSS179797 for *IGF1R* and HSS106838, HSS106839 and HSS181389 for *MYC*; ThermoFischer Scientific, Waltham, USA) in equal concentrations. The silencer negative control siRNA (ThermoFischer Scientific, Waltham, USA) was used as control siRNA.

ChIP assays were performed using the iDeal ChIP-seq kit for Transcripton Factors (Diagenode, Liege, Belgium), according to the manufacturer's instructions and Western blot analysis was performed as described earlier \[[44](#CIT0044)\]. Antibodies used for ChIP assays and Western blotting were EZH2 polyclonal antibody (Diagenode, C15410039), EZH2 (3147, Cell Signaling Technology, Danvers, USA), MYC (ab17355, Abcam), H3K27me3 (C15410069), H3K4me3 (C15410003), H3K27Ac (C15410174) polyclonal antibodies (Diagenode, Liege, Belgium), H3 (ab1791, Abcam), IGF1R (ab39675, Abcam), GAPDH (SC-25778; Santa Cruz Biotechnology, Dallas, USA), Phospho-Akt (Ser473; 9271) and AKT (9272) antibodies (Cell signaling technology, Netherlands).

Drug treatments and kinase activity assay {#S0004-S2006}
-----------------------------------------

CLL cell lines were treated with UNC1999 (S7164; Selleckchem), GSK343 (S7165; Selleckchem), and the PI3Kδ inhibitor idelalisib (GS-1101; Selleckchem). DZNep (120964--45-6) and JQ-(1268524--70-4) (Sigma Aldrich) treatments were incubated for 3 days using a different range of concentrations as mentioned in the figures. The levels of active AKT was analysed using the Akt Kinase Activity Assay Kit (ab139436; Abcam) according to the manufacturer's instructions.
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